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Microstructure and mechanical properties of 
thermomechanically processed C-Si-Mn 
steels 
E. V. Pereloma, I. B. Timokhina, and P. D. Hodgson 
Two TRIP steels having high and low silicon 
contents have been subjected to simulated 
thermomechanical processing (rolling and coiling) 
in a quench dilatometer or a laboratory rolling mill. 
The dilatometer specimens showed a higher level 
of retained austenite than the rolled specimens, 
which had higher contents of martensite, and also 
of pearlite, reflecting the less rapid cooling in the 
larger rolling specimens. The best combination of 
strength and ductility was achieved after simulated 
coiling at 400-450C, when the final microstructure 
of the high silicon steel consisted of ~ 55-60% 
polygonal ferrite with small amounts of martensite/ 
retained austenite (~4-5%) and carbide free bainitic 
phases. Martensite and retained austenite were 
not observed in the low silicon steel. Results from 
tensile and shear punch tests were found be in 
good agreement. confirming the viability of the 
micropunch method where insufficient material is 
available for full tensile tests (e.g. with dilatometer 
specimens). The scaling constant relating the 
tensile and punch test results is dependent on 
specimen composition and microstructure. 
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INTRODUCTION 
Transformation induced plasticity (TRIP) steels offer an 
attractive combination of strength and formability. Relatively 
cheap C-Si-Mn TRIP steels have been developed 1.2 in the 
past 20 years for use in the automotive industry to assist 
weight reduction. The typical microstructure of these steels 
consists of polygonal ferrite, bainite, and a small fraction 
(~100/0) of retained austenite, which will transform to 
martensite during subsequent cold forming. The classical 
way to produce TRIP steels is by intercritical annealing 
followed by overaging. However, an alternative route, thermo-
mechanical processing (TM P), eliminates the need for further 
processing or heat treatments. 3- 5 The desired microstructure 
in TMP TRIP steels is achieved by a complex sequence of 
Table 1 Chemical composition of steels, wt-% 
Low Si 
High Si 
C 
0'175 
0·21 
Si 
0'2 
1·55 
Mn 
1'68 
1·55 
Mo 
0'003 
~ 0'008 
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Ni 
phase transformations during controlled cooling after hot 
deformation. However, these steels contain ~ l'S%Si, and 
concentrations >O'S%Si can lead to problems with surface 
quality and coating formation and adherence. 6 
The aim of the present research was twofold: to compare 
the microstructures and properties of TMP low and high 
silicon steels using two laboratory simulation techniques 
(quench deformation dilatometry and a laboratory rolling 
mill); and to verify the possibility of using a small punch 
facility to estimate the mechanical properties of bulk materials. 
EXPERIMENTAL 
Two experimental steels with high and low silicon levels 
(Table 1) were studied. These steels were received in the 
as rolled plate condition from BHP Research Melbourne 
Laboratories. Two sets of experiment were performed: 
(i) laboratory simulations ofTMP using a MMC quench 
deformation dilatometer 
(ii) laboratory rolling mill simulations of TMP. 
Cylindrical specimens, 8 mm in length and 4 mm in dia-
meter, were machined for dilatometer tests from the plates, 
with the longitudinal axis parallel to the longitudinal (rolling) 
direction. For rolling tests, plates 2S-30 mm in length, 
172 mm in width, and 3S-40 mm in height were used. The 
laboratory mill was equipped with a high temperature 
furnace for austenisation of specimens and a ftuidised bed 
furnace to simulate coiling. The temperature was measured 
during all processing routes by embedded thermocouples, 
These measurements were used to control the deformation 
temperatures and cooling phases. 
The processing schedules utilised in both types of test 
are shown in Fig. 1. All specimens were subjected to double 
deformation: first, up to 2S% in the austenite full recrystal-
lisation region and then (47%) in the non-recrystallised 
region. After the second deformation, specimens were cooled 
at 1 K s -1 to 670 C, to form a microstructure consisting 
~ SO-60% of ferrite. This was followed by accelerated cooling 
at 20 K s -1 to the temperature SO K above the simulated 
coiling temperat ure 7;; and further slow cooling at S K S-1 
to 7;; (SOO, 4S0, 400, and 3S0C) to avoid any undershoot. 
Specimens were quenched to the ambient temperature 
after holding for 10 min to allow the isothermal bainitic 
transformation to take place. 
Specimens were sectioned parallel to the deformation 
direction for Vickers hardness, micro hardness, and optical 
metallography examination. The specimen preparation for 
optical examination involved standard metallographic pro-
cedures. These samples were etched with 2% nital to reveal 
the microstructure. Micrographs were taken along the 
deformation direction from the centre of the specimens. 
Colour etching with saturated Na2 S2 0 3 solution containing 
Cu N Nb Ti 
0'007 
0'009 
0'003 
0 '003 
0'0004 
0'0035 
0'005 
0'005 
0·017 
~ 0'003 
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4%HNOJ + 7'Yr,(N02 hC"H zOH was performed to reveal 
more clearly the microstructural constituents and to allow 
the volume fractions of the phases present to be estimated. 
An image analyser with VTHSCSA software was used for this 
purpose. To confirm the amount of martensite and retained 
austenite formed in the microstructure, X-ray diffraction 
analysis has been carried out using a Philips PW 1130 
(40 kV, 30 rnA) diffractometer equipped with a mono-
chromator and Cu K~ radiation. Spectra were taken in the 
range 30-90 20 with 0·5 step size. Vickers hardness was 
determined using a 10 kg load with five indentations, also in 
the centre of the specimens. The micro hardness of the second 
phase was measured using a Matsuzawa microhardness 
tester with a 25 g load. 
Optical microscopy was supplemented by transmission 
electron microscopy (TEM) using a Philips CM20 micro-
scope at an accelerating voltage of 200 kV. The foils for 
, TEM were prepared by twin jet polishing using a solution of 
5% perchloric acid in methanol at - 30 C and an operating 
voltage of 60 V. 
Room temperature mechanical properties were deter-
mined by tensile and shear punch techniques. The room 
temperature tensile tests were performed on a 100 kN 
Instron 4505 at a strain rate of 5 mm min - 1 The shear 
punch technique has been developed by Lucas C't ((/.7.~ for 
application in cases where only a small amount of material 
is available and it is impossible to utilise the standard 
mechanical testing techniques, as in the case of dilatometer 
specimens. The test was instrumented to provide punch 
load-punch displacement data to analyse the resulting load-
displacement curve in order to obtain strength and ductility 
data. The material is forced to deform primarily in a small 
region roughly corresponding to the region below the clear-
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ance between the punch and die (25 ~lIn thick annulus). 
The in house manufactured rig, similar to that reported by 
Lucas C't a/.,7 was attached to the Instron and a 5 kN load 
cell was used in the tests. Tensile test specimens. which 
were taken from the small sized dilatometer specimens and 
from rolled strips parallel to the deformation direction. had 
thicknesses in the range 0'25-0'32 mm and were 3 mm in 
diameter. A load-displacement curve produced in a shear 
punch test is similar to a uniaxial tension curve: it contains 
an initial linear region, a deviation from linearity, a non-
linear increase in load with displacement, a load maximum, 
and a decrease in load with displacement to the point of 
failure 7 The results after small punch tests were validated 
by room temperature tensile results for the same rolling 
specimens. This approach has also been used for these steel 
types by Zarei-Hanzaki.9 
RESULTS 
Microstructural characterisation 
Representative microstructures obtained after various TM P 
simulations using both the quench deformation dilatometer 
and laboratory rolling are shown in Fig. 2. The effect of 
coiling temperature on the final microstructure can clearly 
be seen. In all high silicon steel microstructures the amount 
of polygonal ferrite is approximately the same: 55-65'%. 
The polygonal grains are non-uniform throughout the rolled 
specimen and their size varies from 2-3 to 10-12 ~lm. There 
is some difference in the nature of the second (bainitic) 
phase formed. In the dilatometer specimens held for 10 min 
at 500 and 450C the main bainitic phases present are 
granular bainite and acicular ferrite (Fig. 2(/). while in the 
corresponding rolled specimens the main phases are granular 
bainite and upper bainite with only small amount of acicular 
ferrite (Fig. 2h). Decreasing the isothermal hold temperature 
to 400 and 350 C gives a microstructure in which lower 
bainite is also present (Figs. 2(' and d and 3(/). A small 
amount of pearlite (~3%) was present in the dilatometer 
specimen held at 500e whereas a higher volume fraction 
of pearlite (6-8°1c,j was observed in all specimens after rolling. 
The minor microconstituents in all specimens are martensite 
and retained austenite. The amount of retained austenite is 
small « 1 %) in all rolled specimens and in dilatometer 
specimens held at 500 and 350 e Approximately 1'5-2% 
of retained austenite with ~ 3% of martensite was formed 
in the dilatometer specimens held at 450 and 400 C. The 
volume fraction of martensite is significantly higher in all 
specimens after rolling; reaching 10-12 % in the specimens 
held at 450 and 400 C. 
The presence of the various phases was confirmed by the 
TEM studies. Selected microstructures are shown in Fig. 4. 
Acicular ferrite is in the form oflaths with a high dislocation 
density, and retained austenite layers could clearly be seen 
between the laths (Fig. 4(/). Granular bainite consists of equi-
axed ferrite grains interspersed with blocky retained austenite 
or martensite. The dislocation density is higher in granular 
bainite than in polygonal ferrite (Fig. 4h). Upper bainite is 
similar to acicular ferrite but with carbides as the interlath 
layers (Fig. 4(' and d). 
The microstructure of the low silicon steel differs signifi-
cantly from that of the high silicon steel. No martensite 
or retained austenite was observed. It is predominantly a 
dual phase structure, e.g. after coiling at 400 e the micro-
structure consisted of ~ 55% polygonal ferrite. the remainder 
being a mixture of lower and upper bainites (Fig. 3h). 
Generally. the microstructure is more uniform than that of 
the high silicon steel. 
Comparison of small punch and tensile tests 
Six shear punch tests and six tensile tests were performed 
at room temperature on the rolled specimens for each 
experimental condition. These data were used to determine 
Iron making and Steelmaking 2001 Vol. 28 No.2 
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a dilatometer, To = 450 C; b laboratory rolling, To = 450 C; 
c dilatometer, To = 350 C; d laboratory rolling, To = 350 C 
2 Representative microstructures of high silicon steel 
after dilatometer and laboratory rolling tests with 
simulated coiling temperatures Tc 
the correlation between the shear punch load-displacement 
curves and uniaxial tensile da ta . The data were compared 
with data obtained in previous investigations by Lucas 
et a/. 7 The empirical equation 
O"efr= (P - F)/2nrt = C(J 
proposed in Ref. 7 was used to calculate the ultimate tensile 
strength (UTS), where P is the maximum load (N), 0" is the 
corresponding uniaxial stress (M Pal, F is the friction load 
Iron making and Steelmaking 2001 Vol. 28 No. 2 
a high sili con; b low si li con 
3 Microstructures of high and low silicon steels after 
laboratory rolling and coiling at 400 C 
(N), r is the punch radius (mm), t is the specimen thickness 
(mm), and C is a constant. Friction load (100 N) was 
determined during the calibra tion of the micropunch facility. 
Comparison of the results obtained for rolled specimens 
using the small punch facilit y and tensile test has shown 
that the correlation coefficient slightly varies from specimen 
to specimen and for each processing schedule. This variation 
was between 0·54 and 0'61 , giving an average value of 0-58, 
The correlations between uniaxial tensile tests and shear 
punch tests are plotted in Fig. 5. It can be seen that the 
agreement is very good. The broken line on this figure 
represents the line of best fit for the calculated values with 
a correlation coefficient from Ref. 7, while the solid line of 
best fit corresponds to the experimental data from the 
present work. 
Mechanical properties 
The Vickers hardness is higher in the high silicon steel held 
a t the highest and lowest temperatures (500 and 350°C) 
with values at - 270 HV 10 in the dilatometer specimens 
and - 255 HV 10 in the rolled specimens. The Vickers hard-
ness was similar in the dilatometer and the rolled specimens 
held at 450 and 400C (-210- 220 HVlO). 
The variation in UTS and total elongation from the small 
punch tests for both the dilatometer and rolled specimens 
is shown in Fig. 6. It is clear that the elongation is greatest 
after holding at 500 and 450'-'C (45-50%), whereas the 
highest UTS was achieved in the specimens held at 350°C 
(- 1160 MPa) with the smallest total elongation (- 30%), 
Both the small punch test and tensile test results for rolled 
specimens have shown that the best achievable elongation 
is smaller then for dilatometer specimens (25-30%), and the 
corresponding UTS is also lower (- 850 MPa). However, 
the best combination of mechanical properties (high UTS 
with large elongation) was still obtained in the specimens 
held at 400-450'c' Charpy V notch subsized specimens 
from rolled steels tested at room temperature indicated 
tha t the highest impact energy (5·5 J) corresponds to coiling 
at 400C. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
4 Thin foil transmission electron micrographs of rolled 
high silicon steel: PF polygonal ferrite, GB granular 
bainite, AF acicular ferrite, P pearlite, UB upper bainite, 
M martensite, RA retained austenite 
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Specimens from the low silicon steel were characterised 
by similar total elongation (28-30%) to the high silicon 
steel, although the UTS was lower (maximum at 400C 
of ~ 670 MPa). The main difference in the mechanical 
properties of two steels is in the Charpy impact energy, 
which is significantly higher in the low silicon steel: ~ 11 J. 
DISCUSSION 
Comparison of the microstructures formed in the specimens 
produced by corresponding schedules in the dilatometer 
and by laboratory rolling has shown that a higher level of 
retained austenite was achieved in dilatometer specimens, 
whereas in rolled specimens a higher amount of martensite 
was present instead of retained austenite. In addition, it was 
more difficult to avoid the formation of pearlite in rolled 
specimens, probably because of the lack of the same precise 
control over the processing parameters that is available 
ro 1400 
0... ~ dilatometer simulation, high Si steel 
:2 1200 • rOiling , high Si steel 
.s::: hS1 dilatometer simulation , low Si steel 
C, 1000 II1II rolling , low Si steel c 
~ (j) 800 
~ 
'iii 600 c 
OJ 
I- 400 Q) 
iii 
E 200 
E 
=> 0 
350 400 450 500 
60 ~-------------------------------------
c 
o 
~ 
Cl 
C 
o 
ill 
50 
40 
30 
-E 20 
I-
10 
o 
I:l!il dilatometer simulation, high Si steel 
• rolling , high Si steel 
IS1 dilatometer simulation, low Si 
III!!I rolling , low Si steel 
350 400 450 
Temperature, °C 
6 Effect of coiling temperature Tc on 
properties of studied steels 
500 
mechanical 
Iron making and Steelmaking 2001 Vol. 28 No.2 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
202 Perelorna et al. Microstructure and properties of TMP C-Si-Mn steels 
in the quench deformation dilatometer. The ferrite grain 
size distribution in the rolled plate was also non-uniform, 
possibly because of the variation in the effective strain 
through the thickness and the different cooling rates on the 
edges and in the centre. The nature of the bainitic phases 
is similar in corresponding specimens after dilatometer and 
rolling tests. The variation in the amount of retained austenite 
and martensite present in specimens after simulated coiling 
is a result of the presence of different phases (pearlite, 
upper bainite, lower bainite, or acicular ferrite and granular 
bainite). When the predominant second phases are carbide 
free (granular bainite or acicular ferrite), more retained 
austenite remained in the final microstructure. This reflected 
the increased carbon content in the remaining austenite 
following rejection of carbon from the ferrite grains or laths 
during formation of polygonal ferrite, granular bainite, or/and 
acicular ferrite. A higher carbon concentration increases the 
stability of retained austenite during the quenching after 
isothermal holding. The opposite situation develops during 
the quenching of specimens containing pearlite or upper or 
lower bainite. All these phases contain carbide. Thus, the 
carbon rejected during polygonal ferrite formation is to a 
large extent consumed by carbides in these phases, leaving 
an austenite of lower carbon content that is more unstable, 
favouring the formation of martensite. 
The higher martensite volume fraction, corresponding to 
lower volume fraction of bainite, in the rolled specimens 
may be the result of the transformation of unstable austenite 
to martensite during quenching. The isothermal bainite 
transformation may not be complete after 10 min, as occurred 
in dilatometer specimens, owing to the different thermal 
conditions caused by the thickness of the rolled plate. The 
most likely cause is the higher volume fraction of pearlite 
present in all rolled specimens than in dilatometer specimens. 
This is also likely to result from difficulties in achieving 
precise control during rapid cooling of the rolled specimens. 
The mechanical properties are consistent with the 
observed microstructures. Higher ductility was observed for 
the specimens containing either a higher volume fraction 
of polygonal ferrite without martensite (rolled low silicon 
steel) or a higher volume fraction of retained austenite (high 
silicon steel, 400-450°C isothermal hold in the dilatometer). 
Those having the highest ductility were also characterised 
by relatively high impact energies (11 and 5·5 J for low 
silicon and high silicon steels respectively). Higher UTS 
values were achieved in the specimens containing significant 
amounts of martensite or pearlite. However, this was accom-
panied by a drop in the elongation to failure. The most 
promising microstructures with respect to the mechanical 
properties are those containing polygonal ferrite with carbide 
free bainites (granular bainite and acicular ferrite) as second 
phases. This type of microstructure also possessed the highest 
fraction of retained austenite. The mechanical properties 
achieved in TMP high silicon steel are similar to those 
typically obtained in C-Si-Mn TRIP steels after intercritical 
annealing. lO This again confirmed the potential of eliminating 
an extra stage during the production of simple TRIP steels 
by direct TMP. 
As was anticipated, the second phases formed in low 
silicon steel were carbide containing: upper and lower bainite. 
No acicular ferrite or granular bainite was found in these 
specimens. This is typical for steels with low silicon content, 
in which (unlike high silicon steels) carbide formation is not 
delayed. The mechanical properties were also similar to 
those obtained from intercritical annealing of low silicon 
steelsY 
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Application of the small punch technique to measure 
the mechanical properties of the dilatometer speGimens 
was successfuL The data obtained from ~he small punch 
tests and tensile tests of rolled specimens showed lib good 
correlation. The present work has proved the viability of 
using the small punch test where only a small amolll1t of 
material is available, making it is impossible to carty out 
traditional mechanical testing. However, the scaling con-
stant of 0'58 is slightly lower than the value of 0·62 rllJorted 
by Lucas et at.' As was pointed out above, this coefficient 
varies between processing conditions, possibly reflecting 
the effect of the steel composition and final microstructure. 
Further study of this aspect will be required if the method 
is to be generally applicable. 
CONCLUSIONS 
Two C-Si-Mn steels with low and high silicon content 
have been subjected to simulations of TMP using quench 
deformation dilatometry and laboratory scale rolling. 
Although the dilatometer simulations allowed better control 
over processing parameters and gave better reproducibility 
of the results, it is possible, by varying processing parameters. 
to achieve similar results in the laboratory mill simulations. 
The results have shown that the best combination of 
strength and ductility was achieved after simulated coiling 
at 400-450°C. In this case, the final microstructure of the 
high silicon steel consisted of - 55-60% polygonal ferrite 
with a small amount of martensite/retained austenite 
(-4-5%) and carbide free bainitic phases. Formation of 
martensite and retained austenite has not been observed in 
the low silicon steel. 
Comparison of the small punch and tensile test results 
performed on the rolled material has shown good agreement 
and confirmed the potential of using the micropunch fucility 
to test small scale specimens. The correlation coefficient 
between the punch and tensile test results was dependent 
on the composition and microstructure of the specimens. 
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